mic cardiomyopathy (UCM) is characterized by metabolic remodelling, compromised energetics, and loss of insulin-mediated cardioprotection, which result in unsustainable adaptations and heart failure. However, the role of mitochondria and the susceptibility of mitochondrial permeability transition pore (mPTP) formation in ischemiareperfusion injury (IRI) in UCM are unknown. Using a rat model of chronic uremia, we investigated the oxidative capacity of mitochondria in UCM and their sensitivity to ischemia-reperfusion mimetic oxidant and calcium stressors to assess the susceptibility to mPTP formation. Uremic animals exhibited a 45% reduction in creatinine clearance (P Ͻ 0.01), and cardiac mitochondria demonstrated uncoupling with increased state 4 respiration. Following IRI, uremic mitochondria exhibited a 58% increase in state 4 respiration (P Ͻ 0.05), with an overall reduction in respiratory control ratio (P Ͻ 0.01). Cardiomyocytes from uremic animals displayed a 30% greater vulnerability to oxidant-induced cell death determined by FAD autofluorescence (P Ͻ 0.05) and reduced mitochondrial redox state on exposure to 200 M H 2O2 (P Ͻ 0.01). The susceptibility to calciuminduced permeability transition showed that maximum rates of depolarization were enhanced in uremia by 79%. These results demonstrate that mitochondrial respiration in the uremic heart is chronically uncoupled. Cardiomyocytes in UCM are characterized by a more oxidized mitochondrial network, with greater susceptibility to oxidant-induced cell death and enhanced vulnerability to calcium-induced mPTP formation. Collectively, these findings indicate that mitochondrial function is compromised in UCM with increased vulnerability to calcium and oxidant-induced stressors, which may underpin the enhanced predisposition to IRI in the uremic heart.
uremic cardiomyopathy; mitochondrial dysfunction; mitochondrial permeability transition pore; chronic kidney disease CARDIOVASCULAR MORTALITY accounts for approximately half of all deaths in chronic kidney disease (CKD) patients, and the risk of cardiovascular death in patients diagnosed with CKD far outweighs the risk of disease progression (16, 40) . The uremic milieu contains a number of cardiac risk factors that give rise to a distinct cardiac pathology termed uremic cardiomyopathy (UCM) (59) , of which left ventricular hypertrophy (LVH) is the most prevalent (19) . A characteristic feature of LVH in the uremic heart is metabolic remodelling, a partial recapitulation of the fetal gene program that manifests as a shift in myocardial substrate preference from fatty acids toward glucose utilization (19, 62) . Frequently observed in LVH of different etiologies, these adaptations, although initially beneficial, are unsustainable, and decompensation ultimately ensues, resulting in heart failure (39) .
Mitochondrial dysfunction is a central feature of heart failure, where diminished respiratory function underlies impaired energetic flux, leading to compromised contractile function (55) . Our previous experimental studies on UCM have demonstrated a reduction in cardiac phosphocreatine content (52) , suggesting a compromised energetic flux. However, mitochondrial function has yet to be evaluated in the uremic heart. In addition to a decreased metabolic capacity, dysfunctional mitochondria can compromise cardiac function via formation of the mitochondrial permeability transition pore (mPTP) (25) . This occurs in response to increased matrix calcium and is sensitized by reactive oxygen species (ROS) and depletion of adenine nucleotides (23) . Because these conditions occur in the reperfused myocardium, mPTP formation is considered a critical mediator of ischemia-reperfusion injury (IRI). Its formation results in the collapse of the mitochondrial membrane potential, cessation of oxidative phosphorylation, and mitochondrial swelling. Severely compromised ATP production and release of proapoptotic proteins from the intermembrane space can trigger necrotic and apoptotic cell death, respectively, and thus the sensitivity of mitochondria to pore formation can determine the ultimate fate of the cell (23) .
Patients with a background of CKD have poorer outcomes after acute myocardial infarction (AMI) compared with those with normal renal function. Indeed, observational data show a hospital mortality of 23% in patients with advanced CKD vs. 12.6% in non-CKD patients following AMI (61) . Experimentally, the uremic heart has an increased susceptibility to IRI; however, the mechanisms of enhanced injury are unclear (12) . In vitro models of IRI have revealed an increase in tissue damage, reduction in phosphocreatine content, and impaired postischemic contractile function in uremia (52, 60) . Uremic rats have also exhibited progressive impairment of left ventricular function following myocardial infarction (13) .
There is indirect evidence that enhanced susceptibility to IRI in uremia may be associated with altered calcium handling. Decreased activities of sarcoplasmic reticulum Ca 2ϩ ATPase 2a and Na ϩ /K ϩ -ATPase have been reported in experimental models of CKD in association with prolongation of diastolic calcium transients (32, 42) . Impaired calcium extrusion upon reperfusion may promote tissue injury through hypercontracture as well as through enhanced mitochondrial calcium uptake and subsequent mPTP formation. Impaired calcium handling may be sufficient to explain the enhanced susceptibility to IRI in UCM. However, recent evidence has identified alterations in the cardioprotective signaling pathways in the uremic heart, further implicating a potential role of mitochondrial dysfunction (60) .
Recent data have indicated a loss of insulin-mediated cardioprotection in UCM in the absence of insulin resistance (60) . Stimulation of the insulin-signaling cascade leads to the activation of a number of downstream effectors, including Akt, mammalian target of rapamycin, and protein kinase C, which in turn confer protection via mechanisms that include enhanced glucose uptake and lipolysis (47) . One key downstream kinase, glycogen synthase kinase-3␤ (GSK-3␤), can modify the sensitivity of mPTP, conferring cardioprotection (31) . Therefore, the loss of insulin-mediated protection in uremia may result in enhanced opening of mPTP. However, despite its centrality in mediating IRI, the susceptibility to mPTP formation has not yet been characterized in the uremic heart. This study tested the hypothesis that enhanced susceptibility to IRI in UCM is mediated by an increased sensitivity to mPTP formation. Using the surgical remnant kidney model of chronic uremia, we characterized the oxidative capacity of mitochondria in UCM. The sensitivity of mitochondria to ischemiareperfusion mimetic oxidant and calcium stressors has subsequently been assessed in isolated cardiomyocytes and isolated mitochondria to determine the sensitivity to mPTP formation in uremia.
METHODS
Experimental model of uremia. This investigation was carried out in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health under assurance no. A5634-01. All procedures and perioperative management conformed to the UK Animals (Scientific Procedures) Act of 1986 (project licence 60/3862) and were approved by the University of Hull Ethical Review Process. Uremia was induced in male SpragueDawley rats (ϳ250 g; Charles River Laboratories, Sussex, UK) via a one-stage subtotal nephrectomy, as described previously (62) . Animals were maintained for 12 wk post-induction of uremia, housed individually, and pair-fed along with control animals. Cardiac hypertrophy was assessed at the time of euthanasia by determining wet heart weight/tibia length (HW/TL).
Serum and urine metabolite analysis. Urine samples were collected over 24 h from animals housed in metabolic cages and analyzed for creatinine and total protein using a RX Monza analyzer (Randox, Antrim, UK). Serum samples collected upon euthanasia were analyzed for urea, creatinine, and albumin as described above.
Isolation of mitochondria. Cardiac mitochondria were isolated using a modified method of Boehm et al. (3) . Briefly, excised ventricles were minced in isolation medium containing (in mM) sucrose (300), HEPES (10), and EGTA (2), pH 7.2, followed by trypsin digestion (0.125 mg/ml) for 15 min at 4°C. At 5-min intervals during the digestion, the tissue was gently homogenized with a single pass of a loose-fitting Teflon glass homogenizer for a total of three passes. The digestion was stopped with the addition of isolation buffer containing 1 mg/ml BSA and 1 mg/ml trypsin inhibitor (from Glycine max; Sigma-Aldrich). The resultant tissue was homogenized with a single pass of a tight-fitting Teflon glass homogenizer and centrifuged at 600 g for 10 min at 4°C. The supernatant was decanted and centrifuged at 8,000 g for 15 min at 4°C. The resulting pellet was resuspended in isolation buffer containing 1 mg/ml BSA and centrifuged at 8,000 g for 15 min at 4°C. Finally, the mitochondrial pellet was resuspended in isolation medium and stored on ice. Mitochondrial protein concentration was determined using the Bio-Rad protein assay.
Mitochondrial respiration. Mitochondrial oxygen consumption was determined at 25°C using a Clark-style oxygen electrode (Rank Brothers, Cambridge, UK) in buffer: 125 mM KCl, 10 mM Tris, 20 mM MOPS, 0.5 mM EGTA, 2.5 mM KH2PO4, and 2.5 mM MgCl2 (pH 7.2). Mitochondrial preparations (0.4 mg/ml) were incubated in the presence of 5 mM glutamate and 1 mM malate, 5 mM succinate and 1 M rotenone, or 40 M palmitoyl carnitine and 5 mM malate. ADP (0.5 mM) was added to initiate state 3 respiration. Once a steady state had been reached, state 4 respiration was initiated by the addition of 1 g/ml oligomycin (3).
Isolated heart perfusion. Hearts were rapidly excised and perfused ex vivo in the isovolumic Langendorff mode, as previously described (62) .
Induction of IRI. After 20 min of normoxic perfusion, hearts were immersed in buffer at 37°C, and perfusion ceased for 25 min. On reperfusion, the ventricular balloon was deflated for 5 min and reinflated to produce an end-diastolic pressure of 5-7 mmHg (20) . Indices of cardiac function were measured for 25 min.
Isolation of cardiomyocytes. Ventricular cardiomyocytes were isolated using a modified method of Smolenski et al. (63) . Cells were resuspended in fresh oxygenated incubation medium at a density of 2.5 ϫ 10 5 cells/ml. Viability was determined following incubation with 0.25% trypan blue, with typical values of 50 -70%.
H2O2-induced stress in isolated cardiomyocytes. Freshly isolated cardiomyocytes were incubated with 200 M H2O2 for 60 min at room temperature. Cell viability was determined as before using 1% trypan blue (2) . FAD autofluorescence was assessed before and following 60-min exposure to H 2O2. Only rod-shaped myocytes were analyzed, and fluorescence intensity was expressed relative to control cells at baseline.
Mitochondrial membrane potential assay. In a separate study, rates of mitochondrial membrane depolarization were monitored spectrofluorometrically in isolated mitochondria using rhodamine 123, using a modification of Lecoeur et al. (37) . Samples were loaded into 96-well opaque-walled, clear-bottomed microplates (Grenier) and incubated for 5 min at 37°C. After the addition of 20 or 40 M CaCl 2, samples were excited at 485 nm, and fluorescence emission at 520 nm was monitored every 30 s for 15 min using a Fluostar Optima fluorescence plate reader (BMG Labtech). The increase in fluorescence (as a result of dequenching due to mitochondrial depolarization) is linearly related to ⌬ m (17) . Fluorescence intensities were calculated relative to control incubated with 1 M of the potassium ionophore valinomycin. Maximal pseudolinear rates of dequenching were then calculated as an indication of mitochondrial depolarization.
Statistical analysis. Results are expressed as means Ϯ SE. Statistical significance was determined using an unpaired t-test (for single mean comparisons) or one-way ANOVA where appropriate (using Tukey's post hoc test). Pearson's analysis was used for the significance of bivariate correlations. Statistical analysis was performed using GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA). A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Characterization of the experimental model. Both serum creatinine and urea concentrations were significantly elevated in uremic animals, as observed previously (Table 1) (60, 62) . Further characterization of renal function revealed a 45% reduction in creatinine clearance as an estimate of GFR, whereas a more than fourfold increase in urinary protein excretion rate indicated the presence of a marked proteinuria (P Ͻ 0.01). Uremic animals exhibited cardiac hypertrophy, as evidenced by significant increases in wet heart weight and HW/TL (P Ͻ 0.01), consistent with previous findings (62) . Diastolic, systolic, and mean arterial pressures are already markedly elevated by 3 wk post-induction of uremia in this model (53) .
Mitochondrial respiration in normoxia. Maximal (state 3) respiration rates were unaltered in uremia and were similar for all substrates tested (Fig. 1A ) Uremic mitochondria exhibited a degree of uncoupling, as evidenced by moderate elevations in state 4 respiration (44 and 23% increases, respiring on complex I-and complex II-linked substrates, respectively; Fig. 1B) .
Consequently, respiratory control ratios were depressed in uremia in the presence of glutamate and malate (P Ͻ 0.01) and palmitoyl carnitine and malate (P Ͻ 0.05) as substrates (Fig. 1C) .
Cardiac function and mitochondrial respiration post-IRI. Normoxic functional parameters were unaltered in uremia [left ventricular-developed pressure (mmHg): control 120 Ϯ 18 vs. uremic 116 Ϯ 3]. Following IRI, functional recovery was markedly depressed in uremic hearts, consistent with previous findings (60) ( Fig. 2A) . At the end of IRI, uremic cardiac function recovered to 9.3% of preischemic levels compared with 42.9% in controls (P Ͻ 0.01).
Rates of respiration were assessed in mitochondria isolated from hearts following the induction of IRI (Fig. 2, B-D) . Complex I-linked respiratory parameters were similar between both experimental groups. In the presence of complex II-linked substrates, state 3 respiration did not differ in uremia (Fig. 2B) ; however, uremic mitochondria exhibited a 58% increase in state 4 respiration (P Ͻ 0.05; Fig. 2C ), giving rise to a reduction in respiratory control ratio (P Ͻ 0.01; Fig. 2D ).
Oxidant-induced stress in isolated cardiomyocytes. The effect of oxidant stress on mitochondrial redox state was assessed in H 2 O 2 -treated isolated cardiomyocytes. Initial cell viabilities at baseline were similar between experimental groups (cell viability 50.7 Ϯ 3.5 vs. 55.0 Ϯ 0.3% in controls). Cardiomyocytes from uremic rats displayed an enhanced vulnerability to oxidant-induced cell death, as evidenced by a 30% reduction in cell viability following exposure to 200 M H 2 O 2 compared with controls (cell viability 35.0 Ϯ 2.6 vs. 50.0 Ϯ 1.1% in controls, P Ͻ 0.05).
Baseline FAD autofluorescence was similar between groups, characterized by a diffuse pattern of fluorescence (Fig. 3, A and  B) . Following a 60-min incubation with 200 M H 2 O 2 , cells were characterized by the appearance of foci of enhanced fluorescence (arrows in Fig. 3, C and D) . Uremic cardiomyocytes displayed a reduction in mitochondrial redox state following incubation with 200 M H 2 O 2 , exhibiting a 38% increase in fluorescence intensity (P Ͻ 0.01; Fig. 3E) . cyclosporine inhibited depolarization to a similar extent in both groups.
DISCUSSION
Cardiac mitochondria are uncoupled in UCM. The present study demonstrates that mitochondrial respiratory function is compromised in the uremic heart. State 3 respiration rates did not differ in uremia and were similar for all substrates tested. In contrast, state 4 respiration was enhanced in the presence of complex I-and complex II-linked substrates. While a nonsignificant increase was observed in the presence of palmitoyl carnitine and malate, this trend was consistent with the other substrates, suggesting a non-substrate-specific uncoupled phenotype in uremic mitochondria. Compromised mitochondrial respiration is a consistent finding in the failing heart (7, 56) . Alterations in state 3 respiration have been shown to become evident only at the onset of systolic dysfunction, suggesting that mitochondrial dysfunction is a late development in the transition to heart failure (15). In contrast, mitochondrial respiration is considered to be unaltered in compensated hypertrophy (1, 41) . Indeed, the observed increase in state 4 respiration in the presence of normal state 3 respiration is a less common finding. Such a respiratory profile has been reported in the hyperthyroid heart, where uncoupling is associated with an upregulation of uncoupling protein (UCP)2 and UCP3 (3, 28) . UCPs mediate a partial dissipation of the proton gradient independent of ADP phosphorylation (18) , although whether uncoupling in the uremic heart is associated with altered UCP expression remains unclear.
Stimulation of mitochondrial uncoupling through the induction of uncoupling proteins or via chemical uncouplers has been shown to be beneficial in the acute setting following IRI (57) . In contrast, the consequences of a chronically uncoupled phenotype on cardiac function are less well known. Uncoupling reduces the efficiency of respiration, which may manifest as a decreased metabolic reserve. Although the mitochondrial network may be able to support contractile function at basal cardiac activity, uncoupled mitochondria may be less capable of providing bioenergetic support at increased workloads. Indeed, the reserve respiratory capacity is lost in failing hearts (22) . Certainly in the present study oxidative capacity appears sufficient to support basal contraction, since cardiac functional parameters were unaltered in uremia. This is consistent with previous observations of both in vitro and in vivo cardiac function in this model (60, 62) . However, it is possible that, under increased workloads, mitochondrial uncoupling may impair ATP production. Indeed, this has been demonstrated in an experimental model of obesity where, despite normal baseline cardiac function, enhanced workloads led to an impairment of contractile function (5) . A recent editorial recommended monitoring cardiac reserve capacity in CKD patients to detect early dysfunction (9) . Since a decrease in mitochondrial reserve capacity precedes cardiac dysfunction, the present data reinforce that argument. Furthermore, with the continued development of positron emission tomography radionuclides for in vivo monitoring of mitochondrial function, noninvasive imaging of cardiac mitochondrial respiratory activity may enable earlier identification of cardiac abnormalities in patients with CKD (67) .
Post-ischemia-reperfusion mitochondrial respiration. Cardiac function was significantly compromised in uremia following ischemia-reperfusion, consistent with previous findings (14, 60) . Impaired post-ischemia-reperfusion cardiac function in the uremic heart is associated with increased cardiac injury, as shown previously through increased ischemic inosine release (52) and more recently in an in vivo model of ischemia- reperfusion by increased infarct size and caspase 3 activation (64) . Maximal rates of mitochondrial respiration post-ischemia-reperfusion were similar in both groups; however, state 4 respiration was enhanced in uremia in the presence of complex II-linked substrates. From these data, it is unclear whether the mitochondrial uncoupling in uremia contributes to this functional impairment or is reflective of a more significant mitochondrial injury. The time-dependent changes in mitochondrial respiration have been characterized previously in control hearts throughout IRI (4) . Mitochondria isolated at the end of isch- emia were shown to exhibit an increase in state 4 respiration, which peaked by 2-min reperfusion before falling to preischemic levels by 40-min reperfusion. These increases in state 4 respiration were paralleled by those in mitochondrial swelling, which similarly normalized by the end of the reperfusion period. These authors suggested the uncoupling was attributable to enhanced proton leak, consistent with mPTP opening. The recovery of respiration and normalization of mitochondrial volume indicate that mPTP opening was transient. Indeed, transient pore opening has been proposed as a protective mechanism at the onset of reperfusion to flush accumulated calcium from the matrix (36) . Persistence of elevated state 4 respiration at the end of reperfusion, as has been observed in the present study, may reflect a sustained opening of mPTP in uremic hearts following IRI (Fig. 5) .
Oxidant-induced stress in isolated cardiomyocytes. Uremic cardiomyocytes exhibited an enhanced sensitivity to oxidantinduced cell death and mitochondrial oxidation, as determined by FAD autofluorescence. Sensitivity to mPTP opening is enhanced by the presence of ROS, a burst of which during the first minute of reperfusion is associated with mPTP opening (23, 30) . Isolated cardiomyocytes were thus exposed to H 2 O 2 to mimic this oxidant-induced stress in vitro. H 2 O 2 -treated uremic cardiomyocytes exhibited enhanced FAD fluorescence (Fig. 3E) , which was indicative of a more oxidized mitochondrial matrix. Such an increase may be observed in the presence of increased rates of respiration or mitochondrial uncoupling (6) . However, qualitative observations revealed the appearance of small foci of enhanced fluorescence in H 2 O 2 -treated cells (arrows in Fig. 3, C and D) , contrasting with a more diffuse pattern visible in nontreated cells. Previous similar observations have attributed this pattern to individual or small clusters of oxidized mitochondria (54) . Therefore, these results are indicative of an enhanced sensitivity to oxidant-induced stress in uremia, giving rise to an increased proportion of oxidized, energy-depleted mitochondria (Fig. 5) . In the setting of the reperfused myocardium, this enhanced sensitivity to oxidant stress may belie a propensity of uremic mitochondria to undergo permeability transition and thus promote cellular injury.
Calcium-induced stress in isolated mitochondria. Cyclosporine-sensitive rates of calcium-induced mitochondrial depolarization were enhanced in uremia, indicating an increased susceptibility to calcium-induced mPTP opening. Elevated matrix Fig. 5 . Perturbations in mitochondrial function combine to predispose the uremic heart to ischemia-reperfusion injury (IRI). Persistent mitochondrial uncoupling may compromise energetic reserve capacity, rendering the uremic heart more vulnerable to metabolic stress. Diminished recovery of respiratory coupling following an IRI insult indicates greater susceptibility of uremic mitochondria to ischemic stress. Increased sensitivity to IRI-associated oxidant and calcium stressors enhances the propensity to mitochondrial permeability transition pore (mPTP) formation and subsequent catastrophic cellular injury.
calcium is a primary trigger for mPTP induction, and the accumulation of cytosolic calcium is a key event in the development of ischemia-reperfusion injury (66) .
Although rates of depolarization in the presence of 20 M CaCl 2 were increased in uremic mitochondria, basal rates of depolarization were also enhanced in the absence of calcium. However, these results do not indicate calcium-independent mPTP opening. Indeed, matrix calcium is essential for triggering pore opening, and other factors such as ROS, pH, and adenine nucleotides serve only to modify the pore sensitivity to calcium (23) . Variation in matrix levels of these factors may promote mPTP induction in the absence of externally added calcium. Indeed, under the experimental conditions here, mitochondrial ROS production is augmented compared with state 3 respiration (29) . Therefore, enhanced mitochondrial ROS production or sensitivity to ROS may promote mPTP opening in uremic mitochondria.
Importantly, these results implicate a mitochondrial defect in uremia that predisposes the heart to enhanced mPTP opening. Rather than enhanced injury occurring only as a function of impaired calcium extrusion upon reperfusion, these results support previous findings that identified alterations in the cardioprotective signaling pathways in the uremic heart (60) .
An increase in mPTP sensitivity, as observed in the present data, may arise from alterations in cardioprotective signaling pathways purported to regulate the pore (44) . Insulin administration prior to or at the onset of reperfusion has been shown to activate a prosurvival signaling cascade. i.e., the "reperfusion injury salvage kinase" (RISK) pathway (27) . RISK activation is critically dependent upon the phosphorylation of phosphoinositide 3-kinase and Akt, although phosphorylation of extracellular signal-related kinases 1 and 2 have also been implicated (26, 68) . A key downstream effector of RISK activation is the inhibition of GSK-3␤, which in turn inhibits mPTP opening via a number of proposed mechanisms (43) . Previously, our group reported an insensitivity to insulin-mediated cardioprotection in uremia. Critically, GSK-3␤ phosphorylation was unaltered in the uremic heart following IRI, suggesting an alternative mechanism of impaired signaling (60) . Interestingly, however, phosphorylated Akt was significantly enhanced in the uremic heart prior to ischemia, whereas phosphorylated Akt2, the isoform purported to mediate RISK signaling (10), was reduced post-IRI. Chronic Akt activation may prevent the signaling apparatus from mounting a response to IRI stimuli. Indeed, an experimental model of chronic Akt activation has shown greater susceptibility to IRI (46) .
Although GSK-3␤ is unaltered in uremia, defective Akt signaling may modulate mPTP sensitivity unfavorably through endothelial nitric oxide synthase (eNOS), which is activated in response to insulin-mediated Akt activation (21) . Nitric oxide has been shown to inhibit mPTP opening in cardiac mitochondria (69) , and the mechanism of protection is thought to involve the formation of membrane protein S-nitrothiols (38) . Cardiac eNOS expression has been reported as unchanged in uremia (35) ; however, insulin-mediated activation of the Akt/ eNOS pathway has not been investigated in UCM.
An increase in sensitivity to mPTP opening may also arise as a result of modified inner mitochondrial membrane lipids, more specifically cardiolipin (48) . Cardiolipin is a phospholipid found almost exclusively in the inner mitochondrial membrane, where it plays a critical role in the function of respiratory complexes as well as the adenine nucleotide translocase, a possible regulatory component of mPTP (34, 65) . There is an age-dependent decrease in cardiac cardiolipin content, with a concomitant rise in mitochondrial ROS production and oxidized cardiolipin levels (50) . The aged heart is also characterized by an enhanced susceptibility to mPTP opening (51) . Selective peroxidation of cardiolipin has been shown to sensitize mitochondria to calcium-induced mPTP opening (49) . Cardiolipin biosynthesis and remodeling enzymes are altered during the development of heart failure (58), whereas loss of cardiolipin has been shown to correlate with enhanced state 4 respiration in the failing heart (45) . Further study is necessary to investigate whether mitochondrial cardiolipin composition is altered in the uremic heart.
Two separate studies have recently demonstrated that the uremic heart is sensitive to cardioprotection mediated by ischemic conditioning (8, 33) . Furthermore, both uremic and control hearts exhibited a similar degree of RISK pathway activation. These results contrast with our previous findings that the uremic heart is insensitive to insulin-mediated cardioprotection, which challenge Dikow and Hardt's (11) observation that the intracellular signaling mechanisms may be intact in uremic cardiomyocytes. Collectively, these observations suggest a differential response of the uremic heart to cardioprotective strategies that is dependent upon the mode of cardioprotection. Taken in concert with the results presented here, modulation of mPTP sensitivity in the uremic heart may represent a major therapeutic target.
Conclusions. This study has demonstrated that mitochondrial respiration in the uremic heart is chronically uncoupled but that respiratory inefficiency does not impair contractile function. Post-IRI, an increase in state 4 respiration was observed, suggesting that respiratory function is impaired in the postischemic uremic heart. Cellular studies revealed that uremic cardiomyocytes were characterized by a more oxidized mitochondrial network that is more susceptible to oxidantinduced cell death. Finally, uremic mitochondria exhibited an enhanced susceptibility to calcium-induced mPTP formation. Collectively, these findings together with previous observations indicate that mitochondrial respiratory function is compromised in the uremic heart and that an enhanced mitochondrial vulnerability to calcium and oxidant-induced stressors may underpin the increased susceptibility of the uremic heart to IRI. 
